Apelin-36 was discovered as the endogenous ligand for the previously orphan receptor APJ. Apelin-36 has been linked to two major types of biological activities: cardiovascular (stimulation of cardiac contractility and suppression of blood pressure) and metabolic (improving glucose homeostasis and lowering body weight). It has been assumed that both of these activities are modulated through APJ. Here, we demonstrate that the metabolic activity of apelin-36 can be separated from canonical APJ activation. We developed a series of apelin-36 variants in which evolutionarily conserved residues were mutated, and evaluated their ability to modulate glucose homeostasis and body weight in chronic mouse models. We found that apelin-36(L28A) retains full metabolic activity, but is 100-fold impaired in its ability to activate APJ. In contrast to its full metabolic activity, apelin-36(L28A) lost the ability to suppress blood pressure in spontaneously hypertensive rats (SHR). We took advantage of these findings to develop a longer-acting variant of apelin-36 that could modulate glucose homeostasis without impacting blood pressure (or activating APJ). Apelin-36-[L28C(30kDa-PEG)] is 10,000-fold less potent than apelin-36 at activating the APJ receptor but retains its ability to significantly lower blood glucose and improve glucose tolerance in diet-induced obese mice. Apelin-36-[L28C(30kDa-PEG)] provides a starting point for the development of diabetes therapeutics that are devoid of the blood pressure effects associated with canonical APJ activation.
The apelin gene encodes a pre-pro-protein that is processed into a number of regulatory hormones. The best characterized of these peptide hormones are apelin-13, apelin-17, and apelin-36 (1). The 13 C-terminal amino acids of these peptides (comprising apelin-13) are shared, with apelin-17 extending an additional 4 amino acids from the N terminus, and apelin-36 extending a further 19 amino acids beyond the N terminus of apelin-17 (see Table 1 ). Apelin was discovered as an endogenous agonist of the G protein-coupled receptor APJ (2) . Specifically, apelin-36 was purified from bovine stomach tissue extract based on its ability to stimulate signaling through APJ.
Through a combination of pharmacological and genetic approaches, apelin has been linked to two major types of biological activities: cardiovascular (stimulation of cardiac contractility and suppression of blood pressure) and metabolic (improving glucose homeostasis and lowering body weight) (3, 4) . Both of these activities have been assumed to be mediated solely through APJ, but there is substantial evidence to suggest that APJ may have apelin-independent activities (5, 6) . Here, we provide evidence that this ligand-receptor promiscuity goes in both directions, and that apelin may have APJ-independent activities as well. Specifically, we demonstrate that the metabolic activity of apelin-36 can be dissociated from canonical APJ signaling. serum lipids, as 8 weeks after injection, apelin-36 significantly lowered serum total cholesterol (Fig. 1F ) and LDL cholesterol (Fig. 1G) . Triacylglyceride (TAG) levels were not significantly different from controls (Fig. 1H) . Taken together, these data indicate that apelin-36, but not apelin-13, protects mice from the negative metabolic consequences of a high-fat diet.
Apelin-36 was purified based on its ability to act as an agonist at the G protein-coupled receptor APJ (2) . Numerous studies have demonstrated that apelin-13 is also a full agonist of APJ, exhibiting similar, if not superior, potency to apelin-36 (2, 7, 8) . We corroborated these observations, finding that both apelin-13 and apelin-36 can potently activate APJ in an APJ stable cell line (apelin-13 EC 50 ϭ 1.40 ϫ 10 Ϫ10 M (1.02-1.91 ϫ 10
Ϫ10
M, 95% confidence interval (CI)), apelin-36 EC 50 ϭ 1.02 ϫ 10 Ϫ10 M (0.77-1.33 ϫ 10 Ϫ10 M, 95% CI), Fig. 1I ). Our observations that apelin-13 and apelin-36 exhibit similar profiles of receptor activation, but that only apelin-36 can protect mice from the symptoms of metabolic syndrome, led us to examine the relationship between APJ activation and the metabolic activity of apelin peptides.
To address this relationship, we generated a series of apelin-36 variants that were expected to be impaired to various degrees in APJ activation (based on previous structure-activity relationship studies of apelin-13 and apelin-17 (2, 8 -13) ), and we evaluated their metabolic activity (using a 6-week version of the paradigm illustrated in Fig. 1A ). We followed up the most interesting variants by studying their APJ activation profiles. The activity profiles of these variants are summarized in Table  1 . One apelin-36 variant in particular, featuring a leucine to alanine substitution at amino acid 28 (apelin-36(L28A)), exhibited a striking relationship between metabolic activity and APJ activation. A corresponding variant of apelin-13 with this leu-FIGURE 1. Apelin-36, but not apelin-13, delivery via an AAV minigene system prevents disease onset in a chronic mouse model of obesity and impaired glucose tolerance. A, paradigm for target evaluation. An 8-week DIO prevention model is shown. BW, body weight. BG, blood glucose. S Insulin, serum insulin. IPGTT, intraperitoneal glucose tolerance test. B, apelin-36 protects mice from the metabolic consequences of a high-fat diet. Chow refers to BDF mice on chow diet, Secreted GFP refers to BDF mice that were injected with 5 ϫ 10 11 genome copies ("5Eϩ11 GC") of rAAV expressing secreted GFP and placed on a high-fat diet, Apelin-13 refers to mice injected with 5Eϩ11 GC of rAAV expressing apelin-13 and placed on a high-fat diet, and Apelin-36 refers to mice injected with 5Eϩ11 GC of rAAV expressing apelin-36 and placed on a high-fat diet (n ϭ 7 mice per group, data are from one experiment that is representative of three independent experiments). Body weight was measured weekly following AAV delivery. Recombinant AAV expressing murine apelin-36 significantly reduced body weight in mice on a high-fat diet. C, fasting blood glucose (4-h fast) was measured before AAV delivery, and then weekly thereafter. Recombinant AAV expressing murine apelin-36 significantly reduced blood glucose in mice on a high-fat diet. D, i.p. glucose tolerance was measured 6 weeks following AAV delivery. Following a 4-h fast, mice were administered 2 g/kg of glucose. Blood glucose levels were measured before glucose delivery (0 min) and 15, 30, 60, and 120 min following delivery. Apelin-36 significantly improved glucose tolerance. Inset, glucose area under the curve shown in column graph. E, fasting serum insulin (4-h fast) was measured 4 weeks following AAV delivery. F, serum cholesterol was measured 8 weeks following AAV delivery. G, serum LDL cholesterol (LDL) was measured 8 weeks following AAV delivery. H, serum triacylglycerides (TAG) were measured 8 weeks following AAV delivery. I, apelin-13 and apelin-36 potently activate APJ. Cells stably expressing human APJ were incubated for 30 min with 10 M forskolin and apelin peptides at the indicated concentrations. (n ϭ 8 replicates/concentration, error bars indicate standard deviation; data are from one experiment that is representative of three independent experiments). *, p Ͻ 0.05; **, p Ͻ 0.01 apelin-36 versus secreted GFP. ∧, p Ͻ 0.05; ∧∧, p Ͻ 0.01; ∧∧∧, p Ͻ 0.001 Chow versus Secreted GFP. Statistics were analyzed using Student's t test with two-tailed distribution.
TABLE 1 Properties of apelin peptides and variants
Body weight, blood glucose, insulin, glucose tolerance, cholesterol, and APJ activation were determined as described in Fig. 1 
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FEBRUARY 3, 2017 • VOLUME 292 • NUMBER 5 cine to alanine substitution at the same location was reported to exhibit profoundly impaired APJ activation (8, 12) , and indeed, as shown in Fig. 2A Ϫ8 M, apelin-36(L28A) did not substantially activate APJ. In contrast to its impaired APJ activation, apelin-36(L28A) remarkably retained full metabolic activity. Apelin-36(L28A) was able to protect mice from the negative metabolic consequences of prolonged high-fat diet, reducing body weight (Fig. 2B ) and blood glucose (Fig. 2C) , improving glucose tolerance (Fig. 2D) , and correcting the lipid profile (Fig.  2, F and G) as effectively as wild-type apelin-36.
Apelin peptides have been linked to two major types of biological activities: cardiovascular and metabolic. Having examined the relationship between metabolic activity and APJ activation, we set out to understand the relationship of receptor activation with cardiovascular activity (specifically blood pressure). We evaluated the impact of wild-type apelin-36 and apelin-36(L28A) on blood pressure in SHR, and found that wildtype apelin-36 caused a sharp drop in blood pressure as compared with vehicle-treated animals, but apelin-36(L28A) did not (Fig. 2I) . These data are consistent with apelin-36 acting through canonical APJ signaling to modulate blood pressure, but not metabolic activity.
Apelin peptides are being pursued therapeutically for the treatment of heart failure (3), and have also been proposed as candidate therapeutics for diabetes and obesity (4) . However, the cardiovascular activity of apelin peptides could be a liability in obese diabetic patients, as these peptides would be expected to increase the energy demands on the heart (14) . Thus, our discovery of an apelin variant that uncouples cardiovascular from metabolic activity suggests the possibility of developing apelin peptides with the ability to treat metabolic disease without impacting cardiovascular function. In addition to lacking cardiovascular activity, such a candidate therapeutic would also need to exhibit a longer half-life than wild-type apelin-36 to allow for a once daily or less frequent dosing interval (15) .
Appending polyethylene glycol (PEG) polymer chains to peptides has been demonstrated to increase in vivo half-life of peptides by increasing hydrodynamic size (thus reducing renal clearance) and through protection from proteolytic degradation (16) . [40kDa-PEG]-apelin-36, in which a PEG moiety was FIGURE 2. Apelin-36(L28A) exhibits impaired APJ activation and blood pressure regulation, but retains full metabolic activity. A, apelin-36 potently activates APJ, but apelin-36(L28A) is Ͼ100-fold less potent. A U2OS cell line stably expressing human APJ was incubated with apelin peptides at the indicated concentrations. (n ϭ 4 replicates/concentration, error bars indicate standard deviation; data are from one experiment that is representative of three independent experiments). B, apelin-36(L28A) retains full activity in protecting mice from the metabolic consequences of a high-fat diet. Chow refers to BDF mice on chow diet, Secreted GFP refers to BDF mice that were injected with 1 ϫ 10 12 genome copies ("1Eϩ12 GC") of rAAV expressing secreted GFP and placed on a high-fat diet, Apelin-36 refers to mice injected with 1Eϩ12 GC of rAAV expressing apelin-36 and placed on a high-fat diet, and Apelin-36(L28A) refers to mice injected with 1Eϩ12 GC of rAAV expressing apelin-36(L28A) and placed on a high-fat diet (n ϭ 7 mice per group; data are from one experiment that is representative of two independent experiments). Body weight was measured weekly beginning 2 weeks following AAV delivery. Recombinant AAV expressing murine apelin-36 or apelin-36(L28A) significantly reduced body weight in mice on a high-fat diet. C, fasting blood glucose (4-h fast) was measured weekly beginning 2 weeks following AAV delivery. Recombinant AAV expressing murine apelin-36 or apelin-36(L28A) significantly reduced blood glucose in mice on a high-fat diet. (n ϭ 7/group). D, i.p. glucose tolerance was measured 4 weeks following AAV delivery. Following a 4-h fast, mice were administered 2 g/kg of glucose. Blood glucose levels were measured before glucose delivery (0 min) and 15, 30, 60, and 120 min following delivery. Apelin-36 or apelin-36(L28A) significantly improved glucose tolerance. Inset, glucose area under the curve shown in column graph. (n ϭ 7/group). E, fasting serum insulin (4-h fast) was measured 3 weeks following AAV delivery. (n ϭ 7/group). F, G, and H, serum total cholesterol (cholesterol) (F), LDL cholesterol (LDL) (G), and triacylglycerides (TAG) (H) were measured 6 weeks following AAV delivery. (n ϭ 4/group). *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 apelin-36 versus secreted GFP. #, p Ͻ 0.05; ##, p Ͻ 0.01; ###, p Ͻ 0.001 apelin-36(L28A) versus secreted GFP. ∧∧, p Ͻ 0.01; ∧∧∧, p Ͻ 0.001 Chow versus secreted GFP. I, apelin-36 lowers mean blood pressure (MBP) in SHR, whereas apelin-36(L28A) does not. Blood pressure was measured using a non-invasive tail cuff blood pressure monitor. *, p Ͻ 0.05; **, p Ͻ 0.01 apelin-36 versus apelin-36(L28A). Statistics were analyzed using Student's t test with two-tailed distribution.
appended to the N terminus of apelin-36, has been shown to exhibit enhanced cardiovascular activity and extended half-life as compared with unmodified apelin-36 (17) . However, we have found that attaching PEG molecules at either the N terminus or the C terminus of apelin-36 disrupted the metabolic activity of the peptide (discussed further below and see Fig. 3 ). The impaired metabolic activity of these molecules may be due to steric hindrance of the N or C termini by the PEG moiety. Therefore, to prevent such steric hindrance, we inserted a PEG moiety at the Leu-28 position of apelin-36, a position that is distant from either terminus of the peptide, and which we demonstrated above is tolerant to substitutions (with respect to metabolic activity). Additionally, given the requirement of Leu-28 for APJ activation and blood pressure regulation (Fig. 2) , we inferred that PEGylation at this position might disrupt these activities.
We generated apelin-36-[L28C(30kDa-PEG)] by substituting leucine 28 with a cysteine and appending a 30-kDa PEG polymer at this position ( (Fig. 3C) . Furthermore, apelin-36-[L28C(30kDa-PEG)] treatment caused a dose-dependent reduction in fasting blood glucose levels (see the 0-min time point in Fig. 3D ), an improvement in glucose tolerance (Fig. 3D) , and a reduction in overnight food intake (Fig. 3E) .
[40kDa-PEG]-apelin-36 had no impact on fasting blood glucose levels, glucose tolerance, or food intake. Neither of the peptides impacted body weight during the acute study (Fig. 3F) . Thus, the metabolic activity profile of these two PEGylated apelin-36 peptides is reversed as compared with APJ activation.
Having established that apelin-36-[L28C(30kDa-PEG)] has beneficial metabolic activity, but essentially no ability to activate canonical APJ signaling, we next set out to determine whether the lack of APJ activation would translate to a lack of blood pressure regulatory activity. We evaluated the impact of wild-type apelin-36 and apelin-36-[L28C(30kDa-PEG)] on blood pressure in SHR and found that wild-type apelin-36 caused a sharp drop in blood pressure as compared with vehicle-treated animals, but apelin-36-[L28C(30kDa-PEG)] did not (Fig. 3G) . Taken together, these data identify apelin-36-[L28C(30kDa-PEG)] as a starting point for the development of therapeutics with beneficial metabolic activity, but no impact on blood pressure and no ability to activate canonical APJ signaling.
Discussion
In the present study, we demonstrate that the metabolic activity of apelin-36 can be separated from canonical APJ activation. We provide the following evidence to support this conclusion: 1) we demonstrate that although apelin-13 and apelin-36 are equivalent in activating APJ, apelin-36 lowers body weight and blood glucose, and improves glucose tolerance and lipid profile, whereas apelin-13 does not; 2) we identify an apelin variant, apelin-36(L28A), that retains full metabolic activity, but is Ͼ100-fold impaired in its ability to activate APJ (and unlike wild-type apelin-36, is unable to lower blood pressure); and 3) we develop a longer-acting variant of apelin-36, apelin-36-[L28C(30kDa-PEG)], that is Ͼ10,000-fold less potent than apelin-36 at activating APJ and does not lower blood pressure, but is able to significantly lower blood glucose and improve glucose tolerance in DIO mice.
Our data are consistent with a model in which APJ mediates the hypotensive activity of apelin-36, whereas the metabolic activity is mediated by a distinct receptor or receptor signaling complex. This "metabolic receptor" may involve a distinct APJ complex, in which APJ is associated with another receptor or with distinct downstream effectors that mediate the metabolic activity. Signaling through heterodimeric receptor complexes is well established in the G protein-coupled receptor field (18) , as is biased signaling downstream of a monomeric G proteincoupled receptor (19) . In fact, both of these mechanisms have been described for APJ (20) . APJ has been shown to dimerize with the AT1 receptor to inhibit the effects of angiotensin II signaling in a model of atherosclerosis (21) , with the bradykinin 1 receptor to mediate apelin-13-dependent PKC activation and endothelial NOS (eNOS) phosphorylation (22) , and with neurotensin receptor 1 to mediate apelin-13-and neurotensindependent phosphorylation of ERK1/2 and cell proliferation (23) . Additionally, Ceraudo et al. (24) reported that apelin-17 signals in a ␤-arrestin-dependent and G protein-dependent manner, whereas apelin-17 missing the C-terminal phenylalanine signals only through G proteins.
Alternatively, there may be a second, as yet unidentified receptor for apelin-36. This type of ligand/receptor promiscuity would not be unprecedented in the apelin/APJ system. A peptide alternatively named ELABELA, Toddler, or Apela has recently been identified in zebrafish as a second endogenous ligand for APJ, and this peptide acts through APJ to control cell migration during gastrulation and to mediate normal heart development (6, 25) . Further evidence of ligand/receptor promiscuity in the apelin/APJ system is provided by mouse knock-out studies. APJ knock-out mice display a distinct phenotype as compared with apelin knock-out mice with respect to cardiac development and the sensitivity of cardiomyocytes to hypertrophy (26) . APJ knock-out mice exhibit embryonic lethality due to defects in heart development, whereas apelin knock-out mice do not (26, 27) . These data provide additional support for the existence of apelin-independent APJ signaling. Similarly, apelin may have the capability of functioning in an APJ-independent manner.
Determining the molecular identity of the receptor complex mediating the metabolic activity of apelin-36 should also provide insight regarding the tissues responsible for these effects. The peripheral tissues most widely implicated in the metabolic activities of apelin peptides are adipose, skeletal muscle, and pancreas (28) . The effects we observed of apelin-36 on serum lipids are consistent with action on adipose tissue. Additionally, we observed improved glucose tolerance with apelin-36 and apelin-36[L28C(30kDa-PEG)] treatment, which could be explained by enhanced glucose uptake in skeletal muscle. We detected relatively little effect of apelin-36 administration on serum insulin levels. This result does not rule out the pancreas as a target tissue, but we do not have evidence that the pancreas is a major driver of the improved glucose metabolism. Follow-up studies using hyperglycemic and hyperinsulinemiceuglycemic clamps, along with glucose tracers, could be used to more definitively identify the target tissues mediating improved glucose homeostasis following apelin-36 and ape-lin-36[L28C(30kDa-PEG)] treatment. Together with identification of the metabolic receptor complex and the tissues in which the receptor is expressed, these studies would provide a more thorough understanding of the mechanism of action through which apelin-36-derived peptides modulate metabolic function.
Only a handful of diabetes therapeutics with novel mechanisms of action have been developed in recent decades (29) . There is an acute need for such medicines, as 415 million people worldwide suffer from diabetes and current treatments do little to alter the course of disease progression (30, 31) . Our development of apelin-36-[L28C(30kDa-PEG)], a longer-acting apelin variant with full metabolic activity, but impaired APJ activation and no effect on blood pressure, highlights the possibility of targeting the apelinergic system for the treatment of diabetes. Apelin-36-[L28C(30kDa-PEG)] exhibits attractive antidiabetic activity without the potential cardiovascular safety concerns associated with wild-type apelin-36 (lowering of blood pressure and increasing cardiac contractility, which would increase the energy demand on the heart). This discovery provides novel insight into the metabolic actions of apelin-36 that could serve as a starting point for the development of new antidiabetic agents.
Experimental Procedures
Animals-BDF mice were purchased from Harlan Laboratories (Indianapolis, IN). C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME). SHR were purchased from Charles River Laboratories (Wilmington, MA). Animals were kept in accordance with welfare guidelines under controlled light (12-h light and 12-h dark cycle, dark 6:30 p.m. to 6:30 a.m.), temperature (22 Ϯ 4°C), and humidity (50 Ϯ 20%) conditions. They had free access to water (autoclaved distilled water) and were fed ad libitum on a commercial diet (Harlan Laboratories, Irradiated 2018 Teklad Global 18% Protein Rodent Diet) containing 18 kcal % fat, 24 kcal % protein, and 58 kcal % carbohydrate. Alternatively, mice were maintained on a high-fat diet (D12492, Research Diets, New Brunswick, NJ) containing 60 kcal % fat, 20 kcal % protein, and 20 kcal % carbohydrate. All animal studies were approved by the NGM Institutional Animal Care and Use Committee for NGM-5-2008 entitled "Characterization of Biologics, Compounds and Viral Vectors for Treatment of Diabetes Using Rodent Models."
Synthetic Peptides-Synthetic apelin peptides were produced by American Peptide Company (Sunnyvale, CA) or Peptides International (Louisville, KY) using solid-phase synthesis, and then purified using reverse-phase liquid chromatography.
cDNA Sequences-The following cDNA sequences were used: mouse/human (m/h)Apelin-13: 5Ј-cagcgcccgcgcctgagccataaaggcccgatgccgttt-3Ј; m/hApelin16: 5Ј-tttcgccgccagcgcccgcgcctgagccataaaggcccgatgccgttt-3Ј; m/hApelin17: 5Ј-aaatttcgccgccagcgcccgcgcctgagccataaaggcccgatgccgttt-3Ј; mApelin-36: 5Ј-ctggtgaaaccgcgcaccagccgcaccggcccgggcgcgtggcagggaggacgccgcaaatttcgccgccagcgcccgcgcctgagccataaaggcccgatgccgttt-3Ј; mApelin36-hFc: 5Ј-atggcgaccgatagccgcaccagctggctgctgaccgtgagcctgctgtgcctgctgtggccgcaggaagcgagcgcgtttccggcgatgccgctgagcagcctgtttagcaacgcggtgctgcgcgcgcgcggcaaacgcctggtgaaaccgcgcaccagccgcaccggcccgggcgcgtggcagggaggacgccgcaaatttcgccgccagcgcccgcgcctgagccataaaggcccgatgccgtttggtggtggtggtggtactcacacatgcccaccgtgcccagcacctgaactcctggggggaccgtcagtcttcctcttccccccaaaacccaaggacaccctcatgatctcccggacccctgaggtcacatgcgtggtggtggacgtgagccacgaagaccctgaggtcaagttcaactggtacgtggacggcgtggaggtgcataatgccaagacaaagccgcgggaggagcagtacaacagcacgtaccgtgtggtcagcgtcctcaccgtcctgcaccaggactggctgaatggcaaggagtacaagtgcaaggtctccaacaaagccctcccagcccccatcgagaaaaccatctccaaagccaaagggcagccccgagaaccacaggtgtacaccctgcccccatcccgggatgagctgaccaagaaccaggtcagcctgacctgcctagtcaaaggcttctatcccagcgacatcgccgtggagtgggagagcaatgggcagccggagaacaactacaagaccacgcctcccgtgctggactccgacggctccttcttcctctacagcaagctcaccgtggacaagagcaggtggcagcaggggaacgtcttctcatgctccgtgatgcatgaggctctgcacaaccactacacgcagaagagcctctccctgtctccgggtaaa-3Ј; mApelin-(1-17): 5Ј-ctggtgaaaccgcgcaccagccgcaccggcccgggcgcgtggcagggcggc-3Ј; mApelin-(1-21): 5Ј-ctggtgaaaccgcgcaccagccgcaccggcccgggcgcgtggcagggtggacgccgcaaattt-3Ј; mApelin-(1-23): 5Ј-ctggtgaaaccgcgcaccagccgcaccggcccgggcgcgtggcagggtggacgccgcaaatttcgccgc-3Ј; mApelin-36⌬MPF (1-33): 5Ј-ctggtgaaaccgcgcaccagccgcaccggcccgggcgcgtggcagggtggacgccgcaaatttcgccgccagcgcccgcgcctgagccataaaggcccg-3Ј; mApelin-36 (L1A): 5Ј-gcggtgaaaccgcgcaccagccgcaccggcccgggcgcgtggcagggaggacgccgcaaatttcgccgccagcgcccgcgcctgagccataaaggcccgatgccgttt-3Ј; mApelin-36 (V2A): 5Ј-ctggcgaaaccgcgcaccagccgcaccggcccgggcgcgtggcagggaggacgccgcaaatttcgccgccagcgcccgcgcctgagccataaaggcccgatgccgttt-3Ј; mApelin-36 (P4A): 5Ј-ctggtgaaagcgcgcaccagccgcaccggcccgggcgcgtggcagggaggacgccgcaaat- -36-[L28C(30kDa-PEG) ] is >10,000-fold less potent than apelin-36 at activating APJ and does not lower blood pressure, but powerfully lowers blood glucose and improves glucose tolerance in DIO mice. A and B, apelin-36 and [40kDa-PEG]-apelin-36 potently activate APJ, but apelin-36-[L28C(30kDa-PEG)] is Ͼ10,000-fold less potent. A U2OS cell line stably expressing human APJ was incubated with apelin peptides at the indicated concentrations. (n ϭ 4 replicates/concentration, error bars indicate standard deviation; data are from one experiment that is representative of three independent experiments). C, 16-week-old C57BL/6 DIO mice (12 weeks on high-fat diet) were administered a single subcutaneous dose of apelin-36-[L28C(30kDa-PEG)] or [40kDa-PEG]-apelin-36 at the indicated dosage level, and fed blood glucose levels were measured before dosing (0 h), and 16, 40, and 64 h after dosing (n ϭ 6 mice/group; data are from one experiment that is representative of three independent experiments). The 3 and 10 mg/kg doses of apelin-36-[L28C(30kDa-PEG)] significantly lowered blood glucose levels 16 h after dosing: glucose levels returned to baseline by 40 h after dose. D, C57BL/6 DIO mice were adminis- cDNA Cloning-Polymerase chain reactions were set up using the iProof TM High-Fidelity PCR Kit (Bio-Rad) according to the manufacturer's instructions. Amplified DNA fragments were digested with restriction enzymes SpeI and NotI (New England Biolabs, Ipswich, MA) (the restriction sites were included in the 5Ј or 3Ј PCR primers, respectively) and were then ligated with AAV transgene vectors that had been digested with the same restriction enzymes. The vector used for expression contained a selectable marker and an expression cassette composed of a strong eukaryotic promoter 5Ј of a site for insertion of the cloned coding sequence, followed by a 3Ј-untranslated region and bovine growth hormone polyadenylation tail. The expression construct is also flanked by internal terminal repeats at the 5Ј and 3Ј ends.
Production and Purification of AAV-AAV 293 cells (obtained from Agilent Technologies, Santa Clara, CA) were cultured in DMEM (Mediatech, Inc., Manassas, VA) supplemented with 10% fetal bovine serum and 1ϫ antibiotic-antimycotic solution (Mediatech). The cells were plated at 50% density on day 1 in 150-mm cell culture plates and transfected after day 2, using the calcium phosphate precipitation method, with the following three plasmids (20 g/plate of each): AAV transgene plasmid, pHelper plasmids (Agilent Technologies), and AAV2/9 plasmid (32). 48 h after transfection, the cells were scraped off the plates, pelleted by centrifugation at 3000 ϫ g, and resuspended in buffer containing 20 mM Tris, pH 8.5, 100 mM NaCl, and 1 mM MgCl 2 . The suspension was frozen in an alcohol dry ice bath and was then thawed in a 37°C water bath. The freeze and thaw cycles were repeated for a total of three times; Benzonase (Sigma-Aldrich) was added to 50 units/ml; and deoxycholate was added to a final concentration of 0.25%. After an incubation at 37°C for 30 min, cell debris was pelleted by centrifugation at 5000 ϫ g for 20 min. Viral particles in the supernatant were purified using a discontinuous iodixanol (Sigma-Aldrich) gradient as described previously (33) . The viral stock was concentrated using Vivaspin 20 (molecular mass cutoff 100,000 Da, Sartorius Stedim Biotech, Aubagne, France), resuspended in PBS with 10% glycerol, and stored at Ϫ80°C. To determine the viral genome copy number, 2 l of viral stock was incubated in 6 l of solution containing 50 units/ml Benzonase, 50 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , and 10 mM CaCl 2 for at 37°C for 30 min.
Afterward, 15 l of the solution containing 2 mg/ml proteinase K, 0.5% SDS, and 25 mM EDTA was added, and the mixture was incubated for an additional 20 min at 55°C to release viral DNA. Viral DNA was cleaned up using the mini DNeasy Kit (Qiagen, Valencia, CA) and eluted with 40 l of water. Viral genome copy (GC) was determined by using quantitative PCR. Viral stocks were diluted with PBS to the desired concentration (GC/ml). 200 l of viral working solution was delivered into mice via tail vein injection.
APJ Activation-CHO-K1 cells (PerkinElmer) and U2OS cells (Invitrogen) stably expressing APJ were used to measure APJ activation. These cell lines were treated with apelin peptides at the indicated concentrations. The ability of the peptides to inhibit cAMP accumulation in APJ CHO-K1 cells was measured using the Lance Ultra cAMP time-resolved fluorescence resonance energy transfer (TR-FRET) immunoassay (PerkinElmer) according to the manufacturer's instructions. The ability of peptides to stimulate an APJ reporter assay in APJ U2OS cells was measured using the Tango TM ␤-lactamase reporter assay (Invitrogen) according to the manufacturer's instructions.
Blood Glucose Assays-Blood was sampled in mice by nicking the tail vein, and blood glucose levels were measured using ACCU-CHEK Active test strips read by an ACCU-CHEK Active meter (Roche Diagnostics) following the manufacturer's instructions. All readings were performed in duplicate and averaged.
Serum Insulin Assays-Whole blood (about 50 l/mouse) from mouse tail snips was collected into plain capillary tubes (BD Clay Adams SurePrep, BD Diagnostics). Serum and blood cells were separated by spinning the tubes in an Autocrit Ultra 3 (BD Diagnostics). Insulin levels in serum were determined using insulin EIA kits (80-Insms-E01, Alpco Diagnostics, Salem, NH) by following the manufacturer's instructions.
Glucose Tolerance Test-Mice were assigned into groups based on their blood glucose and body weight. BDF mice fasted for 4 h received glucose (2 g/kg) in PBS via intraperitoneal injection (data in Figs. 1 and 2 ). C57BL/6 DIO mice fasted for 4 h received glucose (1 g/kg) in PBS via oral gavage (data in Fig. 3 ). Blood glucose levels were determined as described above at the time points indicated (0, 15, 30, 60, and 120 min after administration of glucose).
Blood Pressure-Blood pressure was measured in anesthetized SHR using a CODA non-invasive tail cuff blood pressure monitoring system according to the manufacturer's instructions (Kent Scientific, Torrington, CT).
Clinical Chemistry-Serum levels of total cholesterol, LDL cholesterol, and triacylglycerides were measured using enzymatic end point assays on a COBAS INTEGRA 400 clinical analyzer (Roche Diagnostics, Rotkreuz, Switzerland).
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